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Hair follicle formation and cycling involve extensive and continuous interactions between epithelial and me-
senchymal components. A system for rapidly and reproducibly generating hair follicles from dissociated epithelial
and mesenchymal cells is described here. The system serves both as a tool for measuring the trichogenic property
of cells and as a tool for studying the mechanisms that dissociated cells use to assemble an organ. In this system,
hair follicles develop when dissociated cells, isolated from newborn mouse skin, are injected into adult mouse
truncal skin. This morphogenetic process involves the aggregation of epithelial cells to form clusters that are
sculpted by apoptosis to generate ‘‘infundibular cysts’’. From the ‘‘infundibular cysts’’, hair germs form centrif-
ugally followed by follicular buds and then pegs that grow asymmetrically to differentiate into cycling mature
pilosebaceous structures. Marker studies correlate the molecular differentiation of these follicles with in situ sys-
tems. This study suggests that the earliest phase of a developing epithelial–mesenchymal system—even from
dissociated cell preparations—requires an epithelial platform.
Keywords: hair follicle/folliculoneogenesis/organogenesis/bioengineering/regeneration/alopecia
J Invest Dermatol 124:867 –876, 2005
The goal of current bioengineering efforts is to generate or
reconstitute fully organized and functional organ systems
starting from dissociated cells that have been propagated
under defined tissue culture conditions. Efforts to generate
new organ systems starting with embryonic or adult stem
cells have been reviewed (Atala and Lanza, 2002; Atala, 2004).
It has long been recognized that the hair follicle has pro-
found regenerative ability, in that it cycles over the lifetime of
the individual and reproduces its lower half, in a Prom-
ethean manner, cycle after cycle (Stenn and Paus, 2001 and
references therein). In fact, the hair follicle is one of the few
biologic structures that continues to reform itself throughout
the lifetime of the individual. The important question re-
garding this regeneration—as is the question in all regen-
erative systems—is how reformation of this organ occurs:
by means of what cell interactions and what molecular
messages and signals. The impetus to study the regener-
ative properties of the follicle has been stimulated by recent
findings showing that: (1) the follicle contains epithelial
(Cotsarelis et al, 1990; Morris et al, 2004) and mesenchymal
(Jahoda et al, 2003) cell populations with stem cell prop-
erties, (2) follicle-derived cells can orchestrate the regener-
ation of the complete skin organ (Prouty et al, 1996, 1997)
and appear to play a role in wound repair (Jahoda and Re-
ynolds, 2001; Gharzi et al, 2003), and (3) follicle-derived cell
populations can generate adipocytes, bone, cartilage, and
bone marrow on the one hand (Lako et al, 2002; Jahoda
et al, 2003) and sebaceous glands, follicles, and epidermis
on the other (Taylor et al, 2000; Oshima et al, 2001). The
current paradigmatic model for hair follicle growth induction
was ushered in with the demonstration that label-retaining
cells rest within the bulge region of the follicle (Cotsarelis
et al, 1990). By the bulge activation hypothesis, signals are
delivered to the resting epithelial follicle from the papilla,
which then induces the next follicle cycle. Direct evidence
that cells of the hair follicle bulge can be induced to form
new hair follicles has been presented (Morris et al, 2004).
Although neofolliculogenesis is not generally believed to
occur normally in the adult state, new follicle formation can
be induced experimentally by cellular manipulation. In early
work, Cohen (1961) showed that the isolated rat and guin-
ea-pig vibrissa papilla, a mesenchymal plug within the
follicle base, could induce new follicle formation when
experimentally implanted into the ear. In a series of now
classical studies, the laboratory of Oliver not only repro-
duced this work but also showed that the papilla could re-
generate from the connective sheath surrounding the hair
follicle (Oliver, 1966, 1967, 1970). Studying the same model,
Jahoda et al (1984) cultured inductive papilla cells.
Studies of the cells that contribute to new follicle forma-
tion have been limited by the ability to assay these same
cells for their hair follicle inductive, or trichogenic, proper-
ties. Attempts to develop trichogenic cell assays have been
made in various experimental systems such as hanging
drop cultures (Hardy, 1949), granulation tissue beds (Re-
ynolds and Jahoda, 1992), collagenous shells (Reynolds
and Jahoda, 1994), and kidney capsule cultures (Inamatsu
et al, 1998; Takeda et al, 1998). A valuable method for test-
ing inductive cells was put forth by Lichti et al (1993) andAbbreviations: IR, immunoreactivity; GFP, green fluorescent protein
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Weinberg et al (1993) using an immunoincompetent mouse
and silicon chambers. The method has proven to be useful
in many recent studies (e.g. Prouty et al, 1996; Kishimoto
et al, 1999). Although the latter assay is a dependable
means for identifying trichogenic cells, it is demanding in
terms of cell number, time, and animals.
In order to dissect the mechanism of new hair follicle
formation from dissociated cells, we set out to develop a
more rapid mini-assay that would also faithfully reflect
trichogenic properties. Reported here is an assay that uses
many fewer cells (1 million instead of 10 million) than the
silicon chamber system of the Lichti/Prouty assay, gives
dependable results in less time (10 d instead of 35 d), and
reduces the need for large numbers of mice (e.g. six or more
assays can be performed in one mouse at one time). In this
assay, we have found that placing trichogenic cells into the
skin will within 8–12 d produce an array of follicles appear-
ing as a cutaneous patch.
This report summarizes work based upon observations
drawn from over one thousand such assays. The ‘‘Hair
Patch’’ assay is used here to describe the morphological
and molecular patterns of new follicle formation. This study
underscores the role of an epithelial platform in new organ
formation illustrated here by folliculoneogenesis. As this
work was in progress, we became aware that other workers
have also tried this approach (A. Dlugosz, personal com-
munication, 2004; U. Lichti, personal communication, 2004;
Morris et al, 2004).
Results
Hypodermal injection of trichogenic mouse cells into
mouse skin leads to the rapid formation of hair folli-
cles When we injected the same population of epithelial
and mesenchymal cells, as used in the Lichti/Prouty assay
(newborn mouse epidermal and dermal cells; see Material
and Methods and Lichti et al, 1993; Weinberg et al, 1993;
Prouty et al, 1996), directly into the skin (instead of into a
chamber), we observed the rapid formation of mature hair
follicles within the dermis. The initial cell population used for
implantation is composed of dissociated dermal cells and
small clusters of epidermal cells derived from 0–2-d-old
neonatal mice (Fig 1A). Routinely, the skin sites that had
received the injected neonatal trichogenic cells, and re-
ferred to here as ‘‘the patch’’, were harvested 12 d later. At
this point, the patch appears as a slightly elevated, gray,
round area of skin (Fig 1B, left inset). Individual hair follicles
are best visualized on the visceral side using a dissecting
microscope (Fig 1B). In a typical assay, a cluster of about
200 hair follicles with associated shafts form at each site
after injection of 1 million dermal cells and 10,000 epidermal
aggregates, which on average is equivalent to 0.5 million
single epithelial cells.
As identified by cross-section of hair shafts both tylotrich
and underhair (awl, auchene, zig-zag), follicles form as one
would expect since unfractionated pelage skin dermal cells
are used in this preparation (Dry, 1926) (Fig 1C and D). This
finding is consistent with previous studies indicating that the
follicle and shaft type formed reflect the origin of the dermal
component (Jahoda, 1992).
There is some abnormal variation in the morphology of
the follicles formed. Although many forms are identical to
in situ follicles, there are also follicle forms that show some
distortion and irregular placement consisting of cystic dila-
tion of the distalmost pilary canal, retention of hair shaft,
and abnormally long telogen forms. Most hair follicles in the
patch, however, lie parallel to the skin surface, with the bulb
(follicle base) centrifugally positioned. To determine the ef-
fect of where in the dermis the trichogenic cells are placed
on new follicle formation, we injected the same number of
cells either into the hypodermis, or along the deeper-lying,
facial plane, subcutaneously. Histologically, in the former
case, cells were present in the hypodermis at the approx-
imate level of the panniculus carnosus (Fig 1C). In this case,
the cells were confined to a small volume within the dermis
in close proximity to panniculus carnosus, and good follicle
formation results. In contrast, when the preparation was
injected into the deep subcutis, upon the fascial plane, the
cells spread over a larger area and few to no follicles formed
(data not shown). To examine whether new hair formation is
unique to immunoincompetent mice such as the nude (nu/
nu) mutant, we performed the patch assay in adult C57BL/6
mice using newborn homogeneic cells. The homogeneic
cells were tolerated by the adult mouse and patch hairs
were seen at day 14 after injection. Thus, new hair formation
in this system—in terms of morphology and time of devel-
opment—is not unique to the immunoincompetent host
(data not shown).
Successful formation of follicles requires both epidermal
and dermal cells. Although injection of epidermal cells leads
Figure1
Hair folliculoneogenesis after intracutaneous injection of dissoci-
ated epidermal and dermal cells. (A) Phase contrast microscope
picture of mouse neonatal-dissociated dermal cells and epithelial buds
or aggregates before injection into the recipient skin. Arrow points to an
epithelial aggregate. (B) Patch skin as seen from the ventral side of the
dissected out skin. The inset at the left shows posterior dorsal skin of
the nude mouse depicting the circular black elevated patch (arrow)
visible to the naked eye after 2 wk. Scale bar¼1 mm. (C) Vertical
histological section of the hair patch region. showing ‘‘infundibular
cysts’’ and the panniculus carnosus of the host skin. (D) Hair shafts
collected from a patch assay demonstrating the spectrum of shafts
found in the mouse pelage. PC, panniculus carnosus; Epi, host skin
epidermis; IC, infundibular cyst.
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to the formation of epithelial cysts with pigmentation
(Fig 2A), injection of dermal cells produces fibrotic stroma
at the injection site (Fig 2B); in neither experiment did hair
follicles form.
It is of interest that in most cases the mature patch assay
rested on prominent host vessels as if the growth of this
highly interacting metabolic system was angiogenic. Evi-
dence for the angiogenic properties of the follicle has been
presented (reviewed in Stenn and Paus, 2001).
Patch assay follicles cycle Although we could see from
the histological studies that the newly formed hair follicles
enter anagen, we next asked the question whether these
follicles cycle beyond the first anagen. By harvesting the
site at various times after injection, we found that the pop-
ulation of newly formed follicles does indeed cycle in ag-
gregate. In mice from which the trichogenic cells were
derived, the normal growth, or anagen, phase of the cycle
in vivo extends for about 18 d followed by the resting phase,
telogen (Stenn and Paus, 2001). As seen in Fig 3A and B,
the follicles in the patch are predominantly growing (anagen)
at 13 d, whereas they are resting (telogen) at 21 d (Fig 3C
and D). This observed cycle correlates well with the time
course of the first neonatal hair cycle (Paus et al, 1999). We
have observed the follicles cycle from anagen to catagen to
telogen and to anagen again. At 40 d, anagen follicles are
again found; however, when the patch tissues were har-
vested at later time points (3–4 mo), we found pigment de-
posits, epidermoid cysts, foreign body reactions, and focal
fibrosis. We interpreted these changes as secondary to the
fact that as the formed shaft was not properly shed, it re-
mains in the dermis to incite an inflammatory and foreign
body reaction (data not presented).
Since the whole mouse skin organ undergoes dramatic
changes over the cycle (Chase et al, 1953; Hansen et al,
1984), we asked the question whether the hair cycle of the
recipient skin corresponds to that in the patch follicles.
When examining patch follicles, we found patch hairs in
anagen whereas the host skin hair follicles were in telogen
and vice versa (Fig 2C and D). These observations collec-
tively suggested that the internal clock of follicle cycling is
inherent in the constituent trichogenic cells and not de-
pendent (at least at this time) on the host skin hair cycle.
Since early studies suggested that the number of follicles
forming in a given assay is a function of the total number of
cells delivered and the ratio of epidermal to dermal cells, we
sought to optimize this relationship. To do this, we first as-
sayed various numbers of dermal or epidermal cells where-
as the dermal and epidermal cell ratio was maintained at
2:1. Increasing the total cells 5-fold to 5 million dermal and
2.5 million epidermal cells did not produce more hair fol-
licles (278  25) compared with the injection of 1 million
dermal and 0.5 million epidermal cells (255  28, Fig 4A).
On the other hand, when the number of total cells was re-
duced 5-fold to 0.2 million dermal and 0.1 million epidermal
cells, the number of hair follicles formed, compared with the
case with 1 million dermal cells, was significantly reduced
(63  10). We then tested the effect of dermal and epider-
mal cell ratio by fixing the dermal cells at 1 million and the
number of epidermal cells were varied from 0.5 to 2.5 mil-
lion. A comparable number of hair follicles formed over
this range without any significant difference (255  28 and
240  27, respectively); however, the number of follicles
formed was reduced by more than half (52  25) when ep-
idermal cells were decreased to 0.1 million (Fig 4B). In all
subsequent studies, each patch assay was initiated using
1 million dermal cells in a dermal to epidermal ratio of 2:1.
New follicle formation from dissociated cells involves
steps of initiation, morphogenesis, and differentiation
and starts from an epithelial platform The above studies
indicate that the patch assay reproducibly generates ma-
ture cycling follicles. The next question of this hair follicle
organogenesis system is how a new organ generates start-
ing from dissociated cells. To perform these studies, we
assessed the patch assay over time by histology and
Figure 2
Essential role of combined epithelial and der-
mal cells to new hair follicle formation and
lack of effect of host hair cycle on patch as-
say follicles. (A, B) Result of implanting epithelial
cells or dermal cells alone, respectively. Epithe-
lial cells alone show a cyst (A) and dermal cells
alone (B) show fibrosis. The follicles of the patch
assay cycle independent of the host skin folli-
cles. (C) Host follicles are in telogen whereas
patch follicles are anagen; conversely, in (D),
patch follicles are in telogen whereas the host
follicles are in anagen.
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immunochemistry. This study was repeated three times:
once with non-green fluorescent protein (GFP)-labeled
cells, once with GFP-labeled epidermal cells, and once
with GFP-labeled dermal cells (the latter label allowed us to
follow epidermal and dermal cell lineages); the collected
data were similar.
At 1 d after injection of the combined dermal and epi-
thelial cells, tissue sections showed epithelial cell aggre-
gates surrounded by plump mesenchymal cells (Fig 5A)
reminiscent of blastema cells found in the regenerating am-
phibian limb bud (Tsonis, 1996). The cell clusters were pre-
dominantly epithelial as seen histologically (Fig 5A–D) and
as inferred from reciprocal experimentation involved epi-
dermal (Fig 5B) or dermal cells (not shown) from GFP mice
in combination with C57Bl/6 mouse cells. This was con-
firmed by pan-cytokeratin-II antibody stain (see Table I). Al-
though the epithelial cell clusters showed little proliferative
activity at this time (Fig 5F), they continued to grow appar-
ently by aggregation and/or proliferation of cells at the pe-
riphery. An interesting feature of early morphogenesis was
the prominent apoptosis observed among the delivered
cells (Fig 5C). This apoptotic activity appeared not only
within epithelial clusters but extensively within the stroma as
well (seeTable I). It was most intense at day 1 and decreases
thereafter.
By 2 d, the cells were embedded in a mucinous stroma
as observed after colloidal iron stain(see Table I). The ep-
ithelial clusters showed focal asymmetric growth: there was
eccentric placement of (1) cell proliferation as evidenced by
Ki67 stain (Fig 5), (2) EDAR (Pispa and Thesleff, 2003)
immunoreactivity (IR) in some clusters suggestive of pla-
code formation, and (3) early mesenchymal condensation
as observed by H&E staining, CD44 IR, and alkaline
phosphatase (Handjiski et al, 1994) (see Table I and Fig 5E).
At 4 d, some of the epithelial clusters showed focal
prominent apoptosis with central keratinization and central
cyst formation where the cells lining the cyst contained
keratohyalin granules. The resultant structure is highly rem-
iniscent of the infundibular (most distal) portion of the hair
follicle. These ‘‘infundibular cysts’’ serve as the platform
from which the incipient follicles grow. Extending from these
structures are follicular germs, buds, and early peg forms,
Figure 3
Evidence of hair follicle cycling in the patch
assay. Photomicrographs of patch assay in re-
cipient nude mouse skin as seen from the ventral
side of the skin at (A) day 13 where follicles are in
the growing phase (anagen); note the bulbs point
centrifugally; or (C) day 21 where follicles are in
the resting phase (telogen). The respective hor-
izontal sections of histology in (B) and (D) show
well-defined anagen (B) and telogen forms (D,
inset shows base of telogen follicle). Infundibular
cysts (IC) were seen in both samples.
Figure 4
Effect of cell number and epithelial/dermal ratio on resultant hair
formation. (A) Effect of total cell number injected on the number of
follicles produced. A bar diagram showing the number of follicles gen-
erated in the patch assay in relation to the number of dermal cells
(epidermal and dermal cell ratio was 1:2 in all cases) injected intracu-
taneously in nude mouse. (B) Effect of epidermal and dermal ratio on
the number of follicles produced. A bar diagram showing the number of
follicles generated in the patch assay in relation to varying ratios of the
number of dermal to epidermal cells. The dermal cell number was fixed
at 1 million for each injection. Bars represent SD from four samples.
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as seen by H&E stain and epithelial cell-specific IR of GFP,
Ki67, and p63 IR (Fig 5G and H, Table I). The expression of
p63 (Fig 5H), a p53 family member, and marker of the ad-
nexal placode and a required structure for epidermal ad-
nexal development (Mills et al, 1999; Yang et al, 1999) and
pan-cytokeratin-II, a keratinization differentiation marker
(Coulombe and Omary, 2002), in these cell clusters appear
to be mutually exclusive, with p-63 IR more toward the pe-
riphery. Msx-2, known to be expressed in hair follicle pla-
code ectoderm and subsequently in epithelial matrix cells
(Reginelli et al, 1995; Ma et al, 2003) and versican, a papilla
marker (du Cros et al, 1995), are expressed eccentrically
toward the budding follicle (see Table I). GATA3-IR, an inner
root sheath marker (Kaufman et al, 2003), is observed first
at this time (see Table I). In addition, Oct 4 IR, a marker of
pluripotent embryonic stem cells (Nichols et al, 1998), was
limited to a few cells in the matrix of budding follicles in the
vicinity of the forming sebaceous gland (see Table I).
More mature follicles with distinct papilla as seen by H&E
(Fig 5I) and with epithelial-specific GFP IR (Fig 5J) or papilla-
specific expression of alkaline phosphatase activity were
observed by day 6 (see Table I). Early follicular melanocytic
pigmentation was seen at this time.
At 8 d, fully mature follicles were present growing from the
infundibular cystic structures (Fig 6). Sebaceous glands had
developed by this time and expressed Oct 4 (see Table I). In
addition, CD34 IR was observed in cells surrounding seba-
ceous glands, which could have originated from cells of
Figure 5
Morphogenesis and immunohistochemistry
of hair follicles from days 1 to 6 of the patch
assay. Day 1: (A) Histology of injection site
showing small solid and discrete epithelial cell
clusters (arrow) in a stroma of plump blastema-
like cells. (B) Patch assay using green fluores-
cent protein (GFP)-labeled epithelial cells and
non-GFP-labeled dermal cells showing epithelial
lineage of cell clusters (arrow) formed by the
added cells. Day 2: (C) High power of the epi-
thelial clusters showing focal apoptosis (arrow).
(D) An epithelial cell cluster showing central ker-
atinization with some eccentricity of cell growth
and infundibular features. (E) First signs of
follicular papilla formation (arrow) (alkaline phos-
phatase stain). (F) Epithelial clusters showing re-
gions of cells growth (Ki67 stain). Day 4: (G)
Eccentric placement of proliferating cells in the
clusters (arrow). (H) Early follicle bud-like/peg-
like structures showing P63 expression in the
outer cells. Day 6: (I) Infundibular cyst enlarge-
ment with projecting follicular forms (arrow). (J) In
the GFP-labeled epithelial cell lineage experi-
ment, the follicular papilla (arrow) is well defined
at this time.
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bulge origin (Trempus et al, 2003). It is notable that during
the first week of morphogenesis, follicles were not all of one
morphogenetic form: a range of forms were present. For
example, according to the classification system of Paus
et al (1999) follicles in phases IV, V, and VI were present at
day 8. In some follicle structures, sebaceous gland forma-
tion but no shaft formation was seen.
Discussion
The system described here shows the rapid formation of
new hair follicles on combining isolated epithelial and me-
senchymal cells. The pattern of organogenesis presented
suggests a morphological sequence as sketched in Fig 6. In
the earliest phase, there is epithelial cell aggregation and
fusion of individual aggregates, within a very rich mucinous
cellular dermal stroma. This is followed by a phase of apo-
ptotic remodeling of the clusters (the shaping apoptosis or
Mode 1A of Chang et al, 2004) to form an epithelial structure
very similar to the infundibulum of the follicle, an ‘‘in-
fundibular cyst’’. Over the course of follicle growth, these
cystic structures become larger cysts. Evidence that the
earliest cysts are asymmetric comes from the eccentric
placement of the dividing cells (Ki67), the position of the
early papilla (versican, alkaline phosphatase, CD44), and
Table I. Molecular Characterization of Developing Follicle
Marker Marker characteristics Immunoreactivity (IR) pattern of hair patch follicles
P63 Basal cell (stem cell). Important
for epidermal stratification and
hair follicle neogenesis
P63 is one of the markers observed early (day 2) in the patch assay. IRþ is mostly observed in
the periphery of epithelial island (EI). The positive cells are present in the leading edge of the
epithelial outgrowth by day 4. As these outgrowths differentiate into follicle, multiple layers of
p63 positive cells are noticeable in these structures by day 6 of the patch
Ki67 Cellular proliferation IRþ cells are exclusively asymmetrically located at the periphery of EI at day 2 overlapping the
P63 IRþ pattern in outgrowth observed from day 4. As follicles mature, the IR cells are mostly
present in the hair bulb (matrix) and outer root sheath (ORS) of the newly formed follicles
EDAR Hair follicle placode formation Although on day 1, IRþ positive cells within EI are scattered, a rapid organization within EI is
indicated by asymmetric distribution of IRþ cells mostly in the periphery of EI by day 2.
Many of the epithelial outgrowths by day 4 show positive IRþ . By day 8, ORS cells of many
newly formed follicle are positive
GATA3 Hair follicle inner root sheath The earliest observed IRþ positive cells are found at day 4 within inner layers of newly
formed follicle-like structures but not in large keratinized EI. Distinct inner root sheath cells
of newly formed follicles are positive at day 8
CD34 Hair follicle bulge stem cell No detectable IRþ is observed until day 8 and is noticeable in an asymmetric fashion within
the ORS and in the cells close to sebaceous gland. In addition, isolated IRþ in the outer
layers of keratinized EI is also noted. Follicular cross-sections displayed a discontinuous
IRþ within ORS of newly formed follicles at day 10
Pan-CKII
(basic
keratins)
Keratinocyte differentiation Although strong IRþ of pan-CKII is observed at day 2 within EI, it is mostly towards the
center of EI. As EI center differentiates further, the cells in the center become devoid of IRþ
but filled with keratohyalin granules giving appearance of epithelial cyst. IRþ was also
noticed in the ORS of follicles by day 8
CD44 Cells of dermal condensate
and epithelium
IRþ observed at day 2 in an asymmetric fashion indicative of mesenchymal condensates.
IRþ becomes diffuse as epithelial outgrowth progresses by day 4
MSX2 Placode MSX2 IRþ was limited to the nuclei of a few cells within the EI by day 2. But by day 4 more
concentrated IRþ was observed in isolated foci that are reminiscent of early placode
formation. By day 6, strong IRþ within the ORS and matrix cells of the newly formed hair
bulb was observed. Basal cells of sebaceous gland are positive by day 8
Oct 4 Mesenchyme stem cell At day 4, isolated cells with positive IRþ are noticed within EI. Cells in the bulge region of a
newly formed rudimentary follicle are positive. IRþ is noted in ORS cells at day 6, and cells
in sebaceous gland and secondary germ are positive by day 8
Alkaline
phosphatase
Follicular papilla Although isolated foci of IRþ are noticed as early as day 1, more number of positive foci are
observed by day 2 and the IRþ is mostly asymmetrical at the periphery of EI. By day 4, IRþ
is noticeable within the mesenchymal cells of the budding epithelial outgrowth. With
follicular maturation the staining was very obvious in the follicular papilla and weaker in
dermal sheath by day 8
Versican Follicular papilla Day 4 was the earliest time point at which IRþ is noticeable as asymmetrical areas towards
the periphery of EI. By day 6, mesenchymal cells in the developing follicular papilla were
positive and remained positive thereafter
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the location of placode markers (EDAR, P63). By 4 d, there
is hair follicle germ cell growth from the periphery of the
‘‘infundibular cyst’’ to form early bud and then peg struc-
tures (Paus et al, 1999). Completely mature, fully differen-
tiated new hair follicles and shafts can be seen histologically
within 6–8 d and by the naked eye within 14 d.
One of the fundamental observations of this study is the
role of an epithelial platform in the earliest phase of new
follicle formation. In many other developmental epithelial–
mesenchymal interacting systems, the first morphogenetic
event is associated with an epithelial platform. This epithe-
lial platform has many homologues in biology: the apical
ectoderm ridge in the forming limb bud (Gilbert, 2000), the
wound epithelium in the regenerating limb (Tsonis, 1996),
epithelial condensate of the tooth bud (Arias and Stewart,
2002), and the placode of the feather and hair follicle
(Widelitz and Chuong, 1999). In forming a new follicle from
dissociated cells, the epithelial cells quickly cluster and then
remodel themselves to generate a structure highly reminis-
cent of the primitive epidermis with its placode, and the
acral hair follicle with its infundibulum; it is both of these
structures that support new follicle formation in the mouse
newborn and adult, respectively. After the formation of this
‘‘infundibular cyst’’, polar placement of mesenchymal con-
densates and epithelial cells lead to the early recognizable
hair follicle germ and from these sites the hair follicle an-
lagen, the bud, and peg forms. The completely mature fol-
licle has all the elements of the mature in situ follicle,
including a normal-appearing sebaceous gland; moreover, it
undergoes a cycle with its unique stages and periodicity.
The limitation of this system is that follicle growth in this
environment is finite: because there is no means of dispos-
ing the shaft and its keratinous product, the environment
fills with inflammatory, foreign body, and fibroblastic cellular
elements with eventual follicle ablation.
As discussed above, although other systems for gener-
ating hair follicles from dissociated cells have been de-
scribed, none is as efficient in terms of time, cells, and
animal usage. We were surprised as to how rapidly new hair
follicle formation occurs from dissociated cells in this ‘‘Hair
Patch’’ system. As seen in the morphogenetic studies
(Fig 5), mature follicles with shaft formation occur within 8 d.
This rate of formation corresponds very closely to the in vivo
situation of the newborn mouse (Paus et al, 1999). It is in-
teresting that new shaft formation from a transplanted fol-
licle requires about 45–70 d (Hashimoto et al, 1996), so that,
whereas counterintuitive, starting from an organized struc-
ture takes a longer period of time to regenerate than forming
a new follicle from dissociated cells. In the latter case,
though, the transplanted intact anagen follicle apparently
must undergo a regression process and then reform its cy-
cling portion (Hashimoto et al, 1996). Compared with the
system of Lichti et al (1993), hair follicles form faster in this
patch assay system. Although the reason for this rate dif-
ference is not clear, it might be that in contrast to the system
of Lichti et al (1993), the whole skin organ need not form first
in the patch assay in order for new follicles to form.
Although we conducted studies to optimize the ratio of
epithelial to dermal components and the number of cells to
deliver, we have not yet been able to establish a minimal cell
number for generating a single follicle. We have routinely
found that placement of 1 million trichogenic dermal cells
(2:1 ratio of dermal to epidermal cells) into the dermis will
result in about 200 hair follicles. This translates into the es-
timate of 5000 dermal cells and 2500 epidermal cells per
newly formed follicle. In view of the fact that there is ex-
tensive apoptotic remodeling in the early phases of follicu-
loneogenesis, and given the fact that all cells may not be
endowed with trichogenic capability, it is conceivable that
many fewer cells are actually contributing to the generation
of a given follicle.
We found that the success of this assay is dependent
on the placement of trichogenic cells into a small space.
The dermis/hypodermis appeared to work because the
tissues are normally not loose and provide a compact
environment for the interacting epithelial and dermal cells.
If, on the other hand, the cells were placed on the sub-
cutaneous fascial plane, few, if any, follicles resulted.
We interpret this finding to imply that trichogenic cells must
be kept in close contact; we have not excluded, though,
the possibility that the dermis/hypodermis itself offers a
unique milieu. The advantage of this restricted space
requirement is that as many as six to eight assays could
be performed on each mouse, reducing animal usage and
cage requirements.
It was surprising to us not only that dissociated
trichogenic cells rapidly reform follicles but that the newly
formed follicles cycle, and moreover that the newly formed
follicle cycle has a period very close, if not exactly match-
ing, the cycle of the derivative follicles. The phenomenon of
Figure 6
Proposed mechanism of folliculoneogenesis from dissociated
trichogenic cells. In this figure, the apparent steps of new follicle for-
mation starting from dissociated cells (A) are sketched. Very early after
injection, there is homotypic clustering of epithelial cells (B) followed by
prominent apoptotic cell dropout (gray-colored cells) in the clusters (C)
with the formation of an ‘‘infundibular cyst’’ (D). Growing from the ‘‘in-
fundibular cyst’’ at various poles the epithelial cells form follicular buds,
pegs (E), and finally the mature follicle (F). Ultimately, the cycling fol-
licles are destroyed leaving a foreign body reaction and scar. Inset:
Fully formed mature follicles with sebaceous glands as seen at day 8.
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hair cycling appears to be inherent in the structure of the
follicle; in other words, if a follicle forms, it will cycle—the
cycling trait seems to be inherent in the follicle structure
itself. In an incidental observation, it was of interest to no-
tice that the formation and cycling of the reformed follicles
occurred independent of the host follicle cycle. Since early
studies indicated that the whole skin organ is affected and
changes with each phase of the cycle (Chase et al, 1953;
Hansen et al, 1984), it was not clear whether telogen skin
could support anagen follicle growth. If telogen epidermis
actually does produce an inhibitor to anagen growth, then
that inhibitor may not diffuse long enough distances (Paus,
et al, 1990) to reach the cells in the patch reaction (Gurdon,
1989).
The morphology of the follicles formed is in general sim-
ilar to intact follicles; however, there may be variation in
follicle forms seen at any one time. This variation may be
apparent in the cycle phase, the size of the infundibular cyst
platform from which the follicle grows, and the variation in
the size of the follicle itself. As demonstrated by the low-
power microscopic pictures of the patch assay (see Fig 1B),
the orientation of the newly formed follicles is, in general,
with the bulb, or proximal end of the follicle, located toward
the periphery. Although this finding was not analyzed in de-
tail, the observation suggests that the follicle base might
have unique requirements—such as blood supply—forcing
the highly metabolic and dividing end toward a more favor-
able environment. As described above, the patch assay
rests on prominent host vessels. It is notable that other ep-
ithelial–mesenchymal interacting systems demand new
vessel formation in order to progress (Schwarz et al, 2004)
and it is probably true in this situation as well recognizing
the angiogenic associations of the hair follicle (Stenn and
Paus, 2001). At the end of the first cycle although the pop-
ulation of follicles in these preparations attain telogen, all
the follicles do not attain typical telogen morphology. A
telogen form with a very long inferior portion is commonly
found. We do not completely understand the meaning of
this abnormal telogen form but as the latter abnormal form
is very similar to the telogen forms seen in the asebia mouse
(Sundberg et al, 2000), it may be that such forms occur
when there is difficulty in expelling the shaft.
An interesting observation that we noticed was IR of Oct
4 in matrix cells and sebaceous glands of budding follicles
at days 4–8. Although recently Oct 4 expression has been
observed in presumptive stem cells derived from porcine
skin (Dyce et al, 2004), to the best of our knowledge this is
the first report of Oct 4 expression in hair follicle, specifically
the sebaceous gland and its anlage. Oct 4 is important for
embryogenesis but was known to be expressed only in
germ cells of adult animals (Scholer et al, 1989; Nichols
et al, 1998).
In summary, we describe a system here that can serve
as an assay for trichogenic cells and as a model for study-
ing the morphologic and molecular mechanisms of new
organ formation from dissociated cells. Using this system,
we found that dissociated cells rapidly construct an
epithelial platform that is shaped by apoptosis in order
to set the stage for hair germ formation and eventually,
a mature cycling—anagen–catagen–telogen–anagen—pilo-
sebaceous structure.
Material and Methods
Preparation of neonatal mouse hair follicle progenitor cells -
Mice were purchased from either Charles River (Wilmington, Mas-
sacusetts) (pregnant C57Bl/6 mice) or from Jackson Laboratories
(Bar Harbor, Maine) (GFP mice [FVB.Cg-Tg(GFPU)5Nagy/J)); this
mouse carries a GFP gene driven by the b-actin promoter plus the
CMV intermediate early enhancer. Cell preparations followed an
adaptation of the procedure of Prouty et al (1996). Briefly, mice
were housed in the University of the Sciences in Philadelphia (USP)
animal facility, 12 h light and dark cycles, fed with animal chow
(Purina Rodent Lab Diet #5001) and water ad libitum. Following
USP IACUC-approved protocol, truncal skin was removed from
newborn mice and rinsed in Ca2þ and Mg2þ free PBS. The skin
was laid flat in PBS containing Dispase (2.5 mg per mL, Invitrogen,
Carlsbad, California) at 41C overnight or at 371C for 2 h. Subse-
quently, inductive dermal cells and epidermal cells were isolated as
previously described (Lichti et al, 1993; Weinberg et al, 1993; Prouty
et al, 1996). Cells were used either the same day or kept frozen at
801C for future use (epidermal cells frozen in Synth-a-Freeze
Cryopreservation Medium, Cascade Biologics, (Portland, Oregon)
and dermal cells frozen in medium A, Prouty et al, 1996, containing
5% DMSO and 10% bovine serum). After thawing and before im-
plantation, the cells showed 80% viability (trypan blue method).
Recipient mice and cell delivery for follicle morphogenesis in
the patch assay Trichogenic cells were assayed in male nude (nu/
nu) mice (Charles River) at 7–9 wk of age. Following USP IACUC-
approved protocol, mice were anesthetized (ketamine, 100 mg per
kg (Fort Dodge Animal Health, Overland Park, Kansas)/xylazine,
10 mg per kg (Phoenix Scientific, St Joseph, Missouri)). Unless
otherwise stated for each intracutaneous injection, 1  106 dermal
cells and 10,000 epidermal aggregates (on average give 0.5  106
single epidermal cells) were resuspended (50–70 mL of DMEM-F12
medium; Invitrogen) and injected (25-gauge needle) into the hy-
podermis of the mouse skin, forming a bleb. The injection site was
marked by a black tattoo puncture (242 Permanent Black Pigment,
Aims, Hornell, New York). The number of hair follicles formed in a
given patch assay was quantified by microscopic photography and
morphometry; hair follicle count was executed by three separate
observers.
Histology and immunohistochemistry Harvested mouse skins
were fixed in 10% formalin overnight. After paraffin embedding the
tissues were processed for H&E histology (Presnell et al, 1997). For
immunohistochemistry, dewaxed sections were processed for an-
tigen retrieval by heating in 10 mM sodium citrate (pH 6.0) at 981C
for 10–15 min prior to incubation with primary antibody. The fol-
lowing primary antibodies were used at the indicated dilutions
or concentrations: GFP (Novus Biologicals, Littleton, Colorado,
1:200); Ki67 (BD Biosciences Pharmingen, San Diego, California,
1:10); p63 (BD Biosciences Pharmingen, 4 mg per mL); CD44
(Chemicon, Temecula, California, 15 mg per mL); CD34 (MEC14.7;
Novus Biologicals, 1:10); Pan-Cytokeratin-type II, CK-ll (Chemicon,
1:200); Versican (Chemicon, 10 mg per mL); Msx2 (Santa Cruz
Biotechnology, Santa Cruz, California, 1:50): Oct 4 (Chemicon, 20
mg per mL); GATA3 (Santa Cruz Biotechnology, 1:50); and Vimentin
(Chemicon, 5 mg per mL). Formalin-fixed paraffin-embedded sec-
tions were used for all immunohistochemistry except that for anti-
EDAR where frozen sections were used after acetone fixation of
2 min at 201C. Primary antibodies were detected by biotinylated
secondary antibodies followed by incubation with streptavidin–
peroxidase complex and aminoethyl carbazole chromogen (Histo-
stain-SP Kit, Zymed Laboratories, San Francisco, California).
Alkaline phosphatase and apoptosis staining Tissues in Tis-
sue-Tek O.C.T. Compound (Electron Microscopy Sciences, Ft
Washington, Pennsylvania) were frozen in dry ice and 4 mM cryo-
sections were fixed in 4% paraformaldehyde/PBS for 20 min,
washed in PBS, and incubated for 15 min in the developing so-
lution routinely used for alkaline phosphatase (Histostain SAP Kit,
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Zymed Laboratories). Formalin-fixed and paraffin-embedded sec-
tions were processed for TUNEL staining using the DermaTACS In-
situ Apoptosis Detection Kit (Trevigen, Gaithersburg, Maryland)
following the manufacturer’s instructions.
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